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Abstract 

St^in a e l^T SP t her ! ReS f rCh Sate " ite (UARS) has several sensors that ca " P rovide observations for attitude 
.r th V' ? SenS ° rS (9imbaled as we " as flxed ). magnetometers, Earth sensors, and gyroscopes 
UARS aEL 5 ‘ has ® ob f e ^ abons ' s ' m f orta nt for mission success Analysts on the Flight Dynamics Facility (FDF) 
UARS Attitude task monitor these data to evaluate the performance of the sensors, taking corrective action when 

D| P ots 0P |ncrL^nn 0nn H range examinin 9 the data during real-time passes to constructing long-term trend 

n[nhifimrp«?H r f s,duals ( dlff erences) between the observed and expected quantities is a prime indicator of sensor 
? . ! , Re dUa m creases may be due to alignment shifts and/or degradation in sensor output. Residuals from star 

2SL2? H V6a ! d ^ an a " 0f " al0us behavior that contributes to attitude errors. Compensating for this behavior has 
significantly reduced the attitude errors This paper discusses the methods used by the FDF UARS attitude task for 
maintenance of the attitude sensors, including short- and long-term monitoring, trend analysis, and calibration methods 
and presents the results obtained through corrective action. 

Introduction 


UARS Mission Description. UARS carries 10 science instruments that perform its mission objectives to study 
(1) energy input and loss in the upper atmosphere, (2) the global photochemistry ahd dynamics of the upper atmosphere 
(3) the relationships among these processes as well as the coupling between the upper and lower atmosphere 
(Reference 1). To achieve its mission goals, UARS is flying at approximately 585 kilometers (km) altitude in a nearly 
circidar orbit, which has a 57-degree (deg) inclination and an Earth-oriented attitude. The UARS attitude is expressed as a 
3-1-2 (yaw-roll-pitch; Z-X-Y) Euler rotation, with reference to the Orbital Coordinate System (DCS). The OCS is defined 
as aving the yaw axis parallel to the negative of the Earth-to-spacecraft vector and the pitch axis pointing parallel to the 
negative of the orbit normal vector. The estimation and control requirements for the attitude are 60 and 108 arcseconds 
(arcsec) (3 standard deviations (3a)), respectively, for each axis. 

An important parameter related to the orbit is the solar beta angle. The solar beta angle is the complement of the angle 
between the mbit normal vector and the Earth-to-Sun vector. The beta angle is constantly changing due to the combined 
motion of the UARS orbit precession and the Sun in the celestial sphere. The changing solar beta angle forces UARS to 
perform an attitude maneuver approximately monthly The Sun must be kept in the hemisphere bounded by the X-Z plane 
and containing the solar array for power considerations and science instrument protection As the beta angle passes 
through 0 deg, UARS must perform a yaw maneuver of 180 deg. UARS is said to be flying forward when its positive 
X-axis is aligned with its velocity vector and backward when its negative X-axis is aligned with its velocity vector 


™' s J" 0 ^ k was s ‘ jp b° rted b y the National Aeronautics and Space Administration (NASA) Goddard Space Flight Center 

(GSFC), Greenbelt. Maryland, under Contract NAS 5-31500 
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iiihk II 


Engineering support for the mission is provided by a standard Multimission Modular Spacecraft (MMS) bus TheMMS, 
built by Fairchild Space Company, consists of a communications and data handling (C&DH), power, signal cond to g, 
propulsion and attitude control subsystems. The Modular Attitude Control Subsystem (MACS) has Earth sensors, me 
aXw“s“ sensors, rnagne.orne.ers, fixed-head sun trackers (FHSTs), and re. dereference nnrrs (mUs^ oscopes)) 
available for use in attitude estimation. The Earth sensors are Ithaco-manufactured Earth sensor assemblies (ESAs), 
wh^rfL conical scans and sense the infrared horizon of the Earth; UARS has two ESAs. The co^ S^ sensors 
(CSSs) m-e manufactured by Adcole. These are backup sensors for safehold situations and are not analyzed in this pape 
S ^0fT2e-nxl S magnetometers CTAMs) are flux-gate units mannfacmred by Schoenshrdt. Besrdes provnbng 
safehold attitude support they give information used to adjust the FHST measurements. There are three fine Sun sensors 
(FSSs): one mounted^ the MACS, called the MACS FSS, and two mounted on the Solar-Stellar Pomting Platfom 
(SSPP), called platform Sun sensors (PSSs). These are two-axis digital sensors manufactured by Adcolo The SSPP 
provides pointing control for some of the science instruments The FSS and the PSSs differ in that the FSS has a > 
deg field^f-view (FOV) and is a backup to the FHSTs, while the PSSs have only a ^ 

primarily to determine the pointing of the SSPP. The PSSs are also mush more accurate than the FSSs. The two FHSTs 
manufactured by Ball Electro-Optics/Cryogenics Division (BECD) (Reference 2) are the 

onboard computer (OBC) normally computes attitudes and gyro rate biases using star observations frorn the FHSTs along 
with rates determined by the Teledyne dry rotor inertial reference units (DRIRU IIs) (Reference 3) in a Kalman fi t 

Flight Dynamics Facility Support for UARS Attitude Sensors. The Flight Dynamics Facility (FDF)at Goddard Space 
Flight Center (GSFC) provides orbit and attitude support for GSFC-managed space missions. FDF attitude support 
responsibilities for the UARS mission include 

• Real-time and near real-time attitude monitoring 

• Trend analysis of sensor and onboard attitude determination performance 

• Production of definitive attitudes as requested by the scientist 

• Attitude and high-gain antenna contact predictions 

• Attitude sensor calibration/alignment 


• Science and mission planning aids 

The software systems used by FDF to provide this support are the attitude determination system (ADS). 
and attitude validation systems, and several utilities that run exclusively in batch (nomnteractive) mode. Mostof the 
software is part of the Multimission Three-Axis Stabilized Spacecraft (MTASS) Right Dynamics Support System (FDSS) 
which was developed by Computer Sciences Corporation (CSC) under a GSFC-managed National Aeronautics and Space 
Administration (NASA) contract (Reference 5) The MTASS system provides tocions rha. me conuno. ' “ 
stabilized spacecraft support (I. is curtentl, used to support two other opejatrona "“J* E 
Explorer (EUVE) and the Solar, Anomalous, and Magnetosphenc Particle Explorer (SAMPEX) missions, several 
upcoming missions also plan to use parts of the MTASS system for their attitude support.) 

The ADS processes the spacecraft telemetry sequentially through a mission-unique telemetry processing subsystem and 
mission-independent data adjustment, star identification, and attitude determination subsystem^ The onboard-determined 
attitude can then be compared to that computed by the ADS; the differences are a measure of OBC attitude determination 
and control accuracy The definitive attitude determination system (DADS) is designed to create a file containing 
24 hours of UARS attitude from ADS solutions in the event of OBC attitude estimation problems. So far this has actua y 

been needed only once. 

There are six calibration systems The FHST/Earth sensor/FSS calibration system (FEFCAL) computes alignments 
according to an attitude-independent method developed by Shuster, Chitre, and Niebur (Reference 8) and later refined by 
Shuster mid Bierman (Reference 9). Gyro biases and the gyro scale factor/misalignment "Minx arc 01 Tte 

calibration system (IRUCAL) using an algorithm developed by Davenport and documented by Keat (Reference 10). 
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TAM calibration system (TAMCAL) computes the biases and TAM scale factor/misalignment matrix based on an 
Algorithm developed by Lemer and Shuster (Reference 1 1). The FSS field of view system (FSSFOV) calculates the nine 

l S \ ^ ‘ he ^ FSS 3,1(1 th£ PSSS C3n 1)6 “ Finally, the 
h Jr , * system uses processed telemetry and/or the adjusted data. Calibration results are 
y r rC f com P ansons of sensor residuals in the coarse/fine attitude determination system 
Scec^° W,n8 Cat '° n ’ the callbration resul,s m ay be made available for processing in the ADS and for uplink 

L h .e™?ned e a tf V r!f Cati0n (A '[ TVAL) com pares Euler angles for any two attitudes. Operationally, the OBC 

determined attitude is compared to the ADS-determined attitude. Statistics for the differences in the Euler angles are 
displayed for the analyst's interpretation. 8 s are 

Attitt.de Data Trending and Problem Analysis. The Attitude task processes 2 hours of data three times each week and 
trends the resets over the life of the mission. The ground ADS uses star tracker data and gyro ^“Tba^leS 
sqtiares gonthm to determine the attitude and the gyro biases (assumed constant over the 2-hour interval) Values that 

(RMS> ™ «■*>- • company S' Z S3 

gyro bias corrertob Sd V S°TiM'h° ntord versus „ ADS allmid ' com l lan! »" ll>= ground-based (ADS-compuled) 

S.SndS7S^ i„^ysiI " 0,n ““ ** S °* Warc - “ Ch “ <•“*!-. a ™ 

Plots tfthese data are examined for anomalies; however, the causes must be carefully discerned because anomalies can 
3S5- °P erat,onal err ° rs as easily as from real problems with the attitude sensors or may result from the ill behavior 
“ C0mp0ne , nt 0f the system 11 1S important t0 ^cognize that the residuals are based on the ground processing 

S^^,Wi'£oB n r B ZTr m ° re freql, “ Uly °” ““ gr0U "‘ l lhan 0nb0ard ,he *»•““»*■ To accom Piisb the 
JJJSrfdSL ta ft. h 0BC ^ d '' e m ° n accurale sensor calibration is used in the ground processing to account for 
potenttal shifts in the sensor performance over time. Updates in the ground sensor parameters are often visible in the plot 
of the sensor residuals discussed later in the paper. P 

Fixed Head Star Trackers 

The primary sensors used for attitude determination by the UARS spacecraft are the FHSTs. In addition to this function 

th? a ^r d ,0 pro jl uce fogMmUtty attitudes that are used to perform gyro calibrations and to evaluate calibrations of 
the coarser sensors Correct calibration of the FHSTs is, therefore, considered of utmost importance to the mission 

These sensors search for, detect, and track stars as they pass through an 8-by-8 deg FOV. By focusing light from the star 

° fan ,ma f ? SSeCt0r tUbe ’ the p0shi0n and intensit y oflhe star can be determined The 
UARS FHSTs can track stars from magnitude 2.0 to 5.7. They are mounted on the MACS with approximately a 76-dec 

The 1 d,g,tal r ® s £j“ tion of ** sensors is 7 78 arcsec with a manufacturer's specified accuracy of 
nr1h ^ . de , 8_de f cir( ; ular central F0V Star positions are given as the distance from the center of the FOV in two 
orthogonal directions referred to as H and V. The parameters are converted to a unit vector in the data adjustment pr^ 

F Zl^ S ' ° ne ° fth / BaH f HSTs (designated mSTl ) is experiencing scale factor drift. The scale factor is a counts-to- 
degrees conversion factor that is applied to the two star position parameters H and V in the data adjustment process 
Changes in this scale factor had been seen in previous missions and was, therefore, anticipated for the UARS FHSTs An 

j7Z"-°!T n ™ ST ab0 ‘ , ‘ i,S b ° r “ i8h ' aC “ n,PanieS ,hiS drifl and iS bdiTOd *° "*«■' fro™ Xe same 

t “‘S, deV j l0Ped ^ J ° Seph HaShma11 and W,lliam Dav ' s of CSC, determined new scale factors for the 

thS, ,,L ,? f 0rmS 3 ,eaSt ‘ SquareS f,t of the horizontal and vertical position errors The slope of this linear fit is 

then used as a multiplicative correction factor for the nominal scale factor value to eliminate these position errors 
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Methods 

The star tracker residuals are trended as discussed previously, and ^jues^as needed In addition, the 

ale computed and the ttt U FDF 1 recoitiniendations ^ 10 when Ihe onboard attitude 

" S factor drift of FHST1, the FHSTt a,i g nnre». is be,n g updated 

much more frequently than is normally expected. 

Results 

j nf TH 4 CT 1 iroirinaU (from flight days 450 to 679), which appeared to correspond to the 

Figures 1 shows a steady increase of mSTl ^ between the observed vectors 

pitch axis attitude residuals shown in Figure 3 The FHST residuals shown are uieam sensor ^ ground 

and the reference vector if the ground attitude is assumed o _be true . obsen , ations dld not have a 

" srs&s tut 

H^tra^ttutweferenca 13, proved tba, Ups scale factor drift could causa the pitch axis errors evident in 
Figure 3. 


18 



Flight D ay 


Figure 1. FHST1 RMS Residual (arcsec) 
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Flight Day 


Figure 2. FHST2 RMS Residual (arcsec) 
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Figure 3. Errors in Pitch Axis Euler Angle 
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Figure 4. FHST1 Scale Factors Changing with the Flight Day 

On flight day 679 (July 21, 1993), new H and V scale factors computed by the FDF were uplinked to UARS by the FOT 
for use in the onboard computations This corrected the OBC-computed pitch attitude, as can be seen in Figure 3 This 
was followed by an uplink of the FHST1 alignment calibration on flight day 709. The alignment and aSale factor 

Cl." ' he gT0 " , “ l S5 ' SKm °" 709 ™ S res "‘“ d “ d,e reduclio " of 

“°" /PP^ntly more rapid degradation of FHST 1 seen in Figure 3, the Attitude Operations task began to 
updates and alignment updates in the ground system more frequently Figure 1 shows a decrease in 
FHST1 sensor residuals each time the scale factor was updated on the ground (flight days 817 and 888) Using the current 

Zo in th f gr0Und ^ Stem revea,s the ™ ** to use* of outdated pisT infolflonTn 

com^nn^r i I y«° nS an f yStS can then de,ermine when the onboard calibrations need to be updated by 
ompanng the residuals to the OBC attitude estimation requirements. 
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a „„ Have A 7 Q and 709 alone with the increased monitoring has resulted in 

L ahUj, The «J- jjj* ^"a 

—2 £ irrrE . from £ , a UP „. 

because the error had not been allowed to grow as large 

Fine Sun Sensors 

The FSS provides two-axis Sun f “oaTse L« 

“ “ — — ■ — — 
FOV, and 120 arcsec outside the 30-deg FOV. 

The FSS residuals were seen to be steadily increasing, prompting calibration of the FSS alignments. 

Methods 

The UARS FSS ) alighmen. i* «*« * 

also calibrated for FOV vanations. The FOVCAL sy ^efficients are used in constants in a transfer 

Adcole. 

Results 

The UARS FSS alignments 

been uplinked. Figure 5 shows that the RMS residuals tor tne o pp~ the FSS residuals increased 

ground system on flight day 888 resulting in reduced residuals. 
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Figure 5. FSS Residuals 
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Sr.l^ m nn? ^ l? coemcients has met with ™ xed success. The postlaunch on-orbit calibration of the FOV 
resulted m only a slight improvement over the prelaunch values. Systematic variations of residual magnitudes as a 

C .. ° n ° f t ^ e SUI li^ ) f lt,0n m the F0V 0311 stiI1 ^ obse^ed even after the postlaunch calibration. As a result the Sensor 
Studies task from FDF has undertaken an extensive analysis into this calibration problem (Reference 15). 

HLffiriln? 31 Tf" fUnction defined for ^ FSS Evolves two equations (one for each axis a and (3) with nine 
coefficients each to convert counts to position in the FOV. The Sensor Studies task developed equations with three 
additional constants for each axis. Initial analysis by the task shows a reduction in a residuals from an RMS of 73 arcsec 

°L i h,? <1 3 'Jr' 0 " * n P reS ' dU ! IS fr ° m 46 arCSCC t0 15 35 re P° rted b y Hashmall (Reference 15). Investigation into the 

r n ,0 im f pr0Ve / SS aCCUraCy C0ntinues ^ results « because of the 

requirements 8 SS 3S 3 re P lacem ent for a degraded FHST to maintain the spacecraft attitude within accuracy 

Gyroscopes 

UAI« has one attitude rate sensor onboard consisting of a strap down gyro package that measures inertial vehicle rates 
J he Tele ?T DRmU 11 C0nsists of 1 gyroscopes, each with a spinning rotor mounted on to 
fhTnik nf 7^ ,° dCg ^ S ° f 1 ? eed0m rate informati on along two body axes (two channel output) for a total of six 
S"®?* f nf ° rmaUon . T , lus 3llows the ^ t0 Provide dual redundancy along each body axis. To maintain a null 

& ' r C i. Urrent If rCqUired t0 pr0duCe 3 magnetic torque that is Proportional to the angular rate 

rtifi h corresponding axis of that gimbal. This torque current is converted to a series of pulses, which are coumed and 

X“ mUla,Cd r0tatl0n 31,8,65 The t0rque CUrrent Can 3150 be differenced *** small time intervals to generate 

The IRU ran operate in two rate ranges The high-rate mode allows for rates of up to 2.0 deg/sec; low-rate mode allows 

i P *,° 400 V 1 deg/SCC) The reso,ution of tbe IRU is 0.8 arcsec in tke high rare mode aTd 

low-rate mode. The specified angular rate bias stability for the DRIRU II is on the order of 0.0012 
arcsec/sec over a period of 6 hours and 0.0008 arcsec/sec over a year (References 16 and 17). 

AE> S computesany unresolved body rates as a gyro bias correction in the state vector. The trends for gyro bias corrections 

™l !nI h State VCCt0r eXh,b,tCd Stf0ng dependencies on UARS fli g ht direction, as shown in Figure 6 A possible 
“ ° f these bias corf ections was a ground system timetagging error discovered through investigation of another 

problem seen in the ground system processing iner 

Methods 


The spacecraft angular rate vector is computed from the following equation. 


^ = [/J]([S]ft-5) 

where is the angular rate vector in body coordinates, [ A ] ,s an alignment matrix, [S] is a diagonal matrix that 

produces IRU scale factor adjustments ft is the raw unadjusted angular rate vector, and B is a bias vector The 
alignment part of the IRU calibration. [A], consists of the unit vector of each of the three physical axes This feature 
allows the measurement axes to be nonorthogonal It also incorporates an overall rotation of all three axes Such a matrix 
has six degrees of freedom. The transfer fimction part is parameterized by [S] and B The scale factor for each axis of 

the sensor and the alignment matrix are combined into a single 3-by-3 alignment/scale factor matrix, [GM/jl^l 
The angular rate vector is then given by l j l j l J 

<y = [G]ft-£ 

where b = [A)B All nine components of the G matrix can vary independently. Combined with a bias vector, a total of 
12 degrees of freedom are to be determined. This is done using an algorithm described by Keat (Reference 10) 
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dab. used For this rearon. the FHST alignment accuracy unpacts , he solved for wru 
paramelcrs Additionally. i„ U,e ground ADS. Ore bias corrcclion ,o ,he nonunal calibrauon paraureters ,s solved for, and 
this correction also depends on the star tracker alignments. 

Results 

from the prelaunch values to the current gyro alignment. 

On „ighi ^^u^ I ^is a nwsl 1 likcly^i(hcat^hhai*^ :t ©'™ < ^d^dbb < '^^ e i , s^ ,r ^^ 

“acher^gl^ £ "£Z inaccuracies, ln gen.nl .» 

performance changes (the actual alignment and scale factors change with time) and as to gnm pda 


Table 1. 


Change in IRU Alignment and Scale Factor Between Prelaunch and In-Flight Calibration 


1 Alignment Change in arcsec 

Percent 

Change in Scale 

Factor 

X axis 

Y axis 

Z axis 

X axis 

Y axis 

Z axis 

117 

103 

109 

-0.017 

-0.103 

-0.08 1 



200.00 

150.00 

100.00 

50.00 

0.00 

• 50.00 

100.00 
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200.00 
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Figure 6. UARS Gyro Bias Corrections Versus Flight Day 
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Solar Stellar Pointing Platform (SSPP) and Platform Sun Sensors 


•Die SSPP provides pointing for three science instruments. This consists of pointing at the Sun during daytime portions 
of each orbit for solar observations and pointing toward selected bright stars for calibration during spacecraft night. 


TTie SSPP subsystem includes a two-axis gimbal assembly with redundant drive motors and shaft encoders, a control 
e ectromcs box, and associated control software in the OBC. The OBC can use data from the one of two PSSs for closed- 
oop Sun tracking. For star tracking, it is limited to using data derived from OBC attitude knowledge and platform 
gimbal position encoders. The OBC can also point the platform toward the Sun using onboard ephemerides and attitude 


Correct pointing of the SSPP is, therefore, dependent on gimbal angle and PSS calibrations, attitude knowledge and 
sometimes ephemendes (Reference 1). 6 ’ 

Method 


The PSS residuals had been approaching the 60 arcsec accuracy limit required for the SSPP science. To improve the PSS 
accuracy, a gimbal angle calibration was undertaken in November 1993. Unfortunately, this was shortly after the FHST1 
alignment of flight day 817. This is the alignment that has not proven well in the sensor trending, and the SSPP results 
^ c b *^ on thls ^'gument Therefore, the PSS calibration was not uplinked and will be redone for the more recent 
fflSTl alignment, which was proven. The results for this PSS calibration are presented to indicate the expected accuracy 
that can be achieved by updating the gimbal angle alignment parameters. 

The PSS transfer function to convert from counts to the FOV parameters has the same form as the UARS FSS transfer 
function The FDF has the capability to calibrate the PSS FOV transfer function; however, the PSS boresights are 

normally pointed directly at the Sun. Therefore, there has been no need to calibrate across the whole FOV and no data 
are available for that purpose. 

Results 

The initial validation was performed by observing PSS Sun observation residuals obtained using the old calibration 
parameters to those obtained with the new calibration. This validation was done on six segments of data from the actual 
calibration timespan, spread out to include three periods each of positive and negative solar beta angles Timespans and 
residuals offer the initial validation are listed in Table 2 below. The old calibration solutions show residuals ranging from 
18 to 48 arcsec, compared to the residuals from the new calibration, which range from 6 to 20 arcsec. 

The calibration was then confirmed by examining residuals for contemporary data that were not used in the actual 
calibration. The results of this exercise shown in Table 3 confirm that the new calibration is an improvement over the old 


Finally, data from the beginning of the mission were examined to determine if the errors in the gimbal angles were a 
result of calibration drift or procedure The results from this analysis are shown in Table 4 The residuals for the 
beginning of mission data are comparable to the contemporaneous data, indicting that the improvement is due to 
calibration procedure The calibration at the beginning of the mission was performed on data that included only negative 
beta angles because data for positive beta angles were not available at the time the calibration was needed. This analysis 

indicates that inclusion of data for one foil period of both negative and positive solar beta angles is a better procedure for 
gimbal angle calibration. 
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Table 2. Initial Validation Using Actual Calibration Timespans 


Greenwich Mean Time 
(YYMMDD.HHMM) 

Solar Beta Angle 
(deg) 

Old Calibration 
(arcsec) 

New Calibration 
(arcsec) 

931025.1831 - .1905 

2.8 

48 

20 

931106.2232- .2309 


31 

7 

931124.1730- .1804 

2.8 

33 

9 

931126.0200- .0250 

-2.8 

19 

12 

931218.1204 - .1256 

-75.0 

29 

6 

940104.2105 - .2140 

* -2.8 

18 

14 


Table 3. Validation Using Early Mission Data 


Greenwich Mean Time 
(YYMMDD.HHMM) 

Solar Beta Angle 
(deg) 

Old Calibration 
(arcsec) 

New Calibration 
(arcsec) 

911119.1200 - .1400 

37.4 

35 

7 

911225.1200- .1400 

-80.4 

15 

7 


Table 4. Calibration Validation Using Most Recent Data 


Greenwich Mean Time 
(YYMMDD.HHMM) 

Solar Beta Angle 

(deg) 

Old Calibration 
(arcsec) 

New Calibration 
(arcsec) 

931205 0300 - .0500 

-40.0 

26 

5. 

931215.1130- .1330 

-80.0 

37 

13 

931216.1930- .2130 

-40.0 

38 

16 

940105.1000- .1200 

0.0 

17 

14 

940110.1200 - .1400 

1 180 

34 

6 

940121.1200- .1400 

37.0 

27 

8 

940120.1930- .2130 

18.0 

31 

7 

940204.0900- .1100 

1.5 

32 

8 


Magnetometers 

The type of TAM used on UARS consists of three mutually orthogonal, single-axis fluxgate magnetometers. These 
TAMs measure the strength and the direction of the Earth's magnetic field and can be used to compute magnetic 
torquing commands to control the spacecraft angular momentum. The magnetic torquing contributes to the ambient 

magnetic field at the TAM. 

The TAMs on UARS are normally considered a backup sensor for safehold situations and do not require highly accurate 
calibrations. However, some unexplained trends in the magnetic field bias corrections computed by the ADS and the 
possibility that reasonable attitude accuracy could be provided by the TAMs provided the motivation to improve on the 
existing TAM calibrations. 

Methods 

The calibration algorithm derived by Lerner and Shuster (Reference 11) determines the scale factor/misalignment matrix 
and biases and the coupling matrix for the influence of the magnetic torquer assembly (MTA) on the TAM The 
misalignments, scale factors, and biases are used to convert TAM measurements in the true sensor frame into the MACS 
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ZZXSSr— f “ S “ C SPaCeC ' af ' ma8 ”" iC COa <"' me “-I-—* ^ the magnetic field 

^MCAL ulility “” s ! he s P acecra ft ephemeris and an accurate Earth magnetic field model to compute a reference 
magnetic field vector each time sensor data are available. It converts the reference field into MACS coordinates usine the 
spacecraft attitude at that time. It performs a least squares minimization of the difference between "he i^easu S and 
reference magnetic fields with reference to the parameters to be determined. 

TAM data^The ort ment *?** TAM Calibrati °" requires an ^-determined attitude and adjusted 

Jmiour span in whicTlE considered to be sufficiently accurate. Hie calibration data were taken over 

? ‘ mta . Pa m Which UAR ? Pf rf onmed a yaw maneuver to obtain good observability of the magnetic field However 

d«.“]L W ' re aVa " able f ° r ana ' ,SlS ' he 8r °“ n<i SyS '""' Th ' refore - ** coupling^matrix couldTS 

Results 

The calibration was first examined by computing a fine attitude using the FHSTs and gyros in the ADS batch least 
squares algorithm, with the magnetometer measurements included in the processing but weighted so that they did not 
influence the attitude. This allows a good estimate of the residuals for the TAM measurements to > be obtained Ti?e 
variances and RMS residuals for the calibrated and nominally aligned and unbiased TAMs are in Table 5 These results 
show improvement fo, rhe clibralion primarily in ,h= spread of the residuals, as shown by the variances 

The attitude accuracy obtainable from the calibrations was then examined. The TAMs and gyros were used to comoule 
attitudes that were then validated against the attitude obtained using the FHSTs. The RMS and maximum errors foMhe 
amtudes computed from the calibrated and nominally aligned and unbiased TAMs are in Table 6. TAM2 again shows the 

most improvement but using the current calibration, i, is not capable of determining the attitude as welf^ TAM as 
would be expected from the results shown in Table 5. as i AM l , as 

in n Cate that ‘ hC caIibration was not significantly affected by magnetic torquer activity. This is 
probably due to the influence of the magnetic torquers being small. 

Table 5. Magnetometer Measurement Residuals and Variances 


Magnetometers 

Variance (mG) for 
Spacecraft Axis 

Residual 
RMS (mG) 


X axis 

Y axis 

Z axis 


TAM1, Nomina] 

23 

8 

27 

3 

TAM1, Calibrated 

9 

7 

8 

2 

TAM2, Nomina] 

21 " 

18 

57 

4 

TAM2, Calibrated 

17 

8 

26 

3 


Table 6. Residuals From Magnetometer-Only Attitudes 


Magnetometer 

Residual RMS, deg 
for Spacecraft Axis 

Maximum residual, deg 
for Spacecraft Axis 


X-axis 

Y-axis 

Z-axis 

X-axis 

Y-axis 

Z-axis 

TAM1, Nominal 

0.5437 

0.3030 

0.6571 

0.7920 

-0.5569 

1 033 

TAM1, Calibrated 

0.1958 

0.0589 

0.0767 

0.2368 

-0.0761 

0 1 166 

TAM2, Nominal 

1.0180 

0.9175 

2.2140 

-1.623 

1.792 

3.010 

TAM2, Calibrated 

0.3170 

0.1101 

0.3113 

0.6031 

0.2153 

0.5009 
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Earth Sensors 

Earth sensor ^yj^g aUitu^ a ^s S m^d°^rieTstgnif^ritly S wUh a rM^ity: 

based on a round Earth with UARS assumed y 8 km . Furthermorei the ESAs trigger on the 

performed and presented later in another paper after the ground system modelmg is satisfactory. 

Conclusion 

Monitoring attitude sense, data* £*Hbr ^ £ 

™ Jc and as Lll caiihrated as possible to properly tevea, problems in the trends. The 

trend data must be carefully interpreted to derive the correct meaning. 

. . Uf _ • pueTI was revealed through the increasing residuals for the star observations. A 

The scale factor drift problem in js atti , u ® e estimation error. FDF has devised procedures that are 

corresponding trend was also seen in the Op FHST onboard the Gamma Ray Observatory 

currently sufficient to compensate fo, this «^obta, Howevet a this sensor increased 

a cLan, same ,s encouraging. bn, PDF mas, 

carefully monitor the FHST for any rapid changes in the scale factor. 

The results of the Sensor Studies task (Reference • >« ^ 

fail. The FDF will continue working to improve the attitude accuracy atta 
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